Profiling of Sputum Inflammatory Mediators in Asthma and
which is associated with elevated levels of interleukin (IL)-5. Treatment with corticosteroid therapy reduces eosinophilic inflammation and IL-5 levels [8] . In contrast, asthma is characterised by variable airflow obstruction, airway hyper-responsiveness, a thickened basement membrane and eosinophilic airway inflammation [4] . Both non-eosinophilic and neutrophilic asthma have been described and these are hypothesised to confer steroid resistance [9, 10] . The use of induced sputum has led to further insights into the pulmonary inflammation of asthma and COPD [11, 12] , allowing characterisations of pro-inflammatory cytokines and chemokines. Importantly, COPD and asthma have often been studied independently using limited mediator panels [8, 13] . In light of the increasing recognition of the heterogeneity of asthma and COPD and their potential overlap [2, 14] , it is important to investigate whether there are different pulmonary mediator responses and whether airway inflammatory phenotypes confer similar cytokine and chemokine expression in both asthma and COPD.
In this study we sought to investigate the sputum cytokine and chemokine pattern in subjects with asthma and COPD using a novel sputum processing method and to compare the inflammatory response within and between diseases and in relation to sputum phenotypes.
Methods

Design
This was a prospective study examining sputum mediators of subjects with asthma and COPD. The study was approved by the Leicestershire, Rutland and Northamptonshire ethics committee, and all subjects gave informed written consent (REC 08/ H0401/88).
Subjects
Subjects with a physician diagnosis of asthma or COPD attending the respiratory clinics at Glenfield Hospital, Leicester, UK, were invited to take part in the study. Subjects with a diagnosis of active pulmonary tuberculosis, other clinically relevant lung or medical illnesses or the inability to produce sputum following the induced sputum procedure were excluded.
All COPD subjects had airflow obstruction with a post-bronchodilator forced expiratory volume in 1 s (FEV 1 )/forced vital capacity (FVC) ratio (FEV 1 /FVC) of less than 0.7, with which severity was classified according to Global Initiative for Obstructive Lung Disease (GOLD) criteria [6] . COPD subjects that demonstrated bronchodilator reversibility were not excluded from the study. A diagnosis of asthma was made by a respiratory physician with consistent symptomatology. Asthma severity was classified according to the Global Initiative for Asthma (GINA) treatment steps and described as mild (GINA I-II) or moderate to severe (GINA III-V) [15] .
Measurements
All subjects had complete demographic data including age, duration of symptoms and full smoking history recorded. Spirometry and bronchodilator reversibility was performed on all subjects according to ATS/European Respiratory Society (ERS) guidelines [16] . Asthma subjects had atopy assessment with skin prick testing for Dermatophagoides pteronyssinus, dog, cat, Aspergillus fumigatus, tree and grass pollen and measurements of airway hyper-responsiveness using methacholine (Pc20) and exhaled nitric oxide (measured at 50 ml/s; NIOX; Aerocrine, Stockholm, Sweden).
Samples
Subjects provided spontaneous or induced sputum which was processed using a 2-step method with a Dulbecco's phosphatebuffered saline (D-PBS) wash step followed by a dithiothreitol (DTT) step and cytospins. In summary, selected and weighed sputum plugs were incubated with an 8 ! volume (sputum weight) of D-PBS, vortexed for 15 s and placed on a bench rocker on ice for 15 min. After centrifuging at 790 g for 10 min, the solute preparation was split in two: 4 volumes of the supernatant were removed (one half) and 300-l aliquots were prepared and stored directly at -80 ° C; this was identified as the D-PBS supernatant. The remainder of the solute was incubated with a 4 ! volume (sputum weight) of 0.2% DTT for 15 min on a bench rocker on ice to disperse the cells. This sample was then filtered through a 50-m nylon mesh filter and an aliquot removed for estimation of the total cell count. The remainder of the filtered sputum was centrifuged and the supernatant was removed and stored at -80 ° C (DTT supernatant). The remaining cell, D-PBS and mucus pellets were processed to form cytospins for sputum cell differential as previously described [17] . Comparison and validation of the effects of the additional D-PBS step with that of currently used sputum processing for cytospin preparation for the sputum total cell count and differential cell count was performed in 20 subjects with COPD and asthma. There were no significant differences in the cell differential counts between the methods with or without the additional D-PBS wash step [mean (SEM) neutrophil count 78% (5) vs. 80% (5); geometric mean (95% CI) eosinophil count 1.3% (0.7-2.7) vs. 1.0% (0.6-1.9), and total cell count 4.0 ! 10 6 cells/g sputum (1.7-9.8) vs. 3.8 ! 10 6 cells/g sputum (1.6-9.0)].
Meso Scale Discovery and Luminex Platform
The D-PBS sputum supernatant was analysed using the Meso Scale Discovery platform (MSD; USA) and Luminex platform (R&D Systems) for measurement of cytokine and chemokine mediators and matrix metalloproteinases (MMPs), respectively. Recovery of cytokine and chemokine mediators and MMPs using the MSD and Luminex platform was assessed by adding standard chemokine, cytokine and MMP spike to the sputum plug and to the buffer prior to processing. Following ERS recommendations [17] further analysis was carried out on those mediators that gave 1 80% recovery of spike from D-PBS-treated sputum compared to buffer controls.
Statistical Analysis
Statistical analysis was performed using PRISM version 4 (GraphPad Software, San Diego, Calif., USA) and SPSS version 16 (SPSS, Inc., Chicago, Ill., USA). Parametric and nonparametric data are presented as means (SEM) and medians (interquartile range) unless otherwise stated. Log-transformed data is presented as geometric means (95% CI). For comparison of unpaired or paired parametric or non-parametric groups, the Student t test, paired t test, Mann-Whitney test and Wilcoxon matched pairs test were used, respectively. For comparison of 3 groups or more for parametric and non-parametric variables the one-way analysis of variance (ANOVA) or Kruskal-Wallis test was used and the 2 test was used for proportions. Sputum eosinophilia was defined as 1 2% eosinophils of non-squamous cells, and sputum neutrophilia was classified as 1 61% neutrophils of non-squamous cells [18] . p ! 0.05 was considered statistically significant.
Results
One hundred and three subjects were recruited (asthma, n = 54; COPD, n = 49). The baseline demographics of all subjects are presented in table 1 . Asthma severity showed that 13, 24, 30 and 33% of subjects were GINA I, II, III and IV/V. The GOLD classification for COPD severity identified 19, 33, 33 and 15% as having GOLD I, II, III and IV. The mean (SEM) post-bronchodilator FEV 1 % predicted for the asthma and COPD subjects was 87% (4) and 54% (4), respectively. Sputum mediator analysis using the MSD and Luminex platforms was available in 37 asthmatic and 23 COPD subjects. The clinical characteristics of these subjects with available sputum mediator analysis are presented in table 2 . Analytes with increased recovery in D-PBS-treated sputum compared to DTT-treated sputum were IL-1 ␤ , 4, 5, 10, 13, IFN-␥ , TNFRI, GM-CSF, CCL2, 3, 4, 5, 13 and 17 (online suppl. fig. 1 ; for all online supplementary material, see www. karger.com/doi/10.1159/000330667). The mediators that were measured in the sputum and their lower and upper quantification limits are listed in online supplementary table 1. Correlations of all measured sputum markers are presented as a heat map illustration in figure 1 . Sputum markers that are closely correlated are identified as intense bright colours (white: r = 1.0). There was a strong correlation identified between TNFRI, TNFRII and IL-6R (r = 0.93, r = 0.90 and r = 0.90); MMP8, MMP9 and IL-1 ␤ (r = 0.94, r = 0.91 and r = 0.87), and CXCL10 with CXCL11 (r = 0.92).
Airway Inflammation in Asthma and COPD
Airway eosinophilic and neutrophilic inflammation was present in 48 and 35% and in 45 and 59% of asthma and COPD subjects, respectively. Sputum eosinophils were higher in asthma compared to COPD subjects (2.6 vs. 1.2, fold difference 0.3; 95% CI fold difference 0.1-0.6, p = 0.02). There was no difference in sputum neutrophil counts between asthma and COPD (57 vs. 64%, mean difference -7; 95% CI -18 to 3, p = 0.18). Sputum neutrophils but not eosinophils were significantly lower in mild asthma compared to moderate/severe asthma (mean neutrophils 35 vs. 69%, mean difference 34; 95% CI -51 to -16, p = 0.0004; and geometric mean eosinophils 4.5 vs. 1.6%, fold difference 0.4; 95% CI -0.2 to 1.0, p = 0.15). Sputum eosinophils but not neutrophils were significantly lower in mild/moderate COPD compared to severe COPD (geometric mean eosinophils 0.6 vs. 2.4%, fold difference -0.6; 95% CI -1.1 to -0.1, p = 0.01; and mean neutrophils 60 vs. 65%, mean difference -6; 95% CI -26 to 14, p = 0.0004) ( fig. 2 ).
Sputum Mediators in Asthma and COPD
Sputum mediator profiling between asthma and COPD showed increased levels of IL-8, TNFRI and TNFRII in COPD compared to asthma subjects [mean fold difference (95% CI): IL-8, 2.6 (1.3-5.4), p = 0.01; TNFRI, 2.1 (1.3-5.4), p = 0.03, and TNFRII, 2.6 (1.2-5.6), p = 0.02] and elevated MMP8 and 9 in COPD subjects [mean fold difference (95% CI) 2.7 (1.1-6.6), p = 0.03, and 3.0 (1.3-7.0), p = 0.01, respectively] ( fig. 3 ; online suppl. table 2). No differences in sputum mediator expression could be determined in COPD or asthma subjects according to smoking status. The effect of inhaled corticosteroids (ICS) upon mediator expression was assessed in subjects with asthma and COPD; this was performed by subdividing subjects into high dose ICS ( 6 1,600 g beclomethasone equivalent), moderate dose ICS ( 1 400 and ^ 800 g beclomethasone equivalent) and low dose ICS ( ^ 400 g beclomethasone equivalent). In all subjects, significantly different mediator expression was found in CXCL10 and CXCL11 only, although this was not in a dose-dependant way. The geometric mean (95% CI) CXCL10 and CXCL11 mediator expression in high dose ICS, moderate dose ICS and low dose ICS was as follows: CXCL10, 214 (125-364) versus 562 (325-972) versus 86 (25-300), p = 0.020, and CXCL11 9 (3-24) versus 40 (16-101) versus 4 (2-12), p = 0.043. These findings were true for asthma and COPD subjects. 
Sputum Mediators in Airway Inflammatory
Phenotypes Differential mediator expression was present between eosinophilic and non-eosinophilic airway inflammation ( fig. 4 ) . There was no difference in mediator expression between subjects with asthma and subjects COPD after dichotomising for eosinophilic or neutrophilic airway inflammation (online suppl. fig. 2 ).
Discussion
In this study we have shown that sputum cellular patterns of airway inflammation are distinct across disease severity in asthma and COPD. However, sputum cell profiles are similar between severe asthma and COPD. Likewise, the sputum mediator profiles are largely similar between asthma and COPD, with a few mediators increased 10,000 100,000 1,000,000
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Eosinophilic airway inflammation Non-eosinophilic airway inflammation in COPD. Importantly, differential mediator expression is more marked between eosinophilic and non-eosinophilic sub-phenotypes, which is independent of disease.
Mediator expression between COPD and asthma has confirmed elevated levels of the pro-inflammatory mediators IL-6 and IL-8 in COPD [19, 20] , whilst there is increased expression of Th2 cytokines such as IL-4, IL-5 and IL-13 in asthma and allergic disease [21, 22] . Bronchial biopsies studies have shown predominately neutrophilic inflammation in COPD and eosinophilic inflammation in asthma [5, 23] . However an overlap in cellular inflammation exists [24] ; indeed we have shown a similar overlap in airway cellular inflammation with little difference in airway inflammation and in particular airway inflammatory phenotypes between moderate-to-severe asthma and COPD. It has been recognised that in persistent severe asthma there is often neutrophilic airway inflammation with elevated levels of IL-8 [25] and this type of inflammation confers steroid non-responsiveness [10, 26] , albeit this maybe confounded itself by the effects of inhaled and oral corticosteroids [27] , which have been shown to alter mediator expression [28] . Here we have shown that the neutrophilic airway inflammation that is present in severe asthma is similar to the degree of neutrophilic inflammation that exists in COPD. The identification of airway inflammatory phenotypes has been effectively used to reduce exacerbations in asthma and COPD [29, 30] , whilst cluster analysis has determined airway inflammatory phenotypes within clinical phenotypes of asthma [14] .
We have also validated a sputum processing method that improves the recovery of previously difficult to measure cytokines [13] . The use of multiplex platforms has provided the opportunity to assess inflammatory mediators in small volumes. In our study the initial incubation of selected sputum plugs with D-PBS followed by standard sputum processing techniques improved the recovery of cytokines including previously difficult to measure Th2 cytokines [8] and improved the recovery of several cytokines satisfying the European Respiratory Guidelines on mediator recovery [17] .
In our study we have shown that the chemokine and cytokine expressions in asthma and COPD are broadly similar, with a few mediators increased in COPD. Indeed the differential expression of mediators between eosinophilic and non-eosinophilic airway inflammation is more marked and we could not demonstrate any differential expression between asthma and COPD after stratification for inflammatory airway cellular phenotypes. This mediator expression between airway inflammatory phenotypes has been demonstrated separately in COPD [8] and asthma [10] . Although it has been widely perceived that asthma and COPD are distinct entities [31] , the observation of similarities in their clinical phenotypes [2] , and airway inflammometry [1] , increasingly suggests that one needs to view these airway inflammatory diseases together as a spectrum of disease with similar clinical symptoms, airway inflammation and physiology [32, 33] . A phenotypic approach can propagate the development of targeted treatment strategies including the development of monoclonal antibody therapies [34] and further the understanding in the pathogenesis of the disease [11, 12, 35, 36] .
A limitation in this study is that we used subjects with asthma and COPD and did not compare the mediator response with relation to healthy controls, and in particular smoking and non-smoking controls. However we have been able to investigate asthma and COPD across all severities and applied our analysis to a widely observed clinical spectrum of disease; smoking healthy controls have previously demonstrated mediator expression and airway inflammation similar to subjects with COPD [23] . In this study we did not fully characterise the airway disease phenotype using computed tomography or gas diffusion, and this and the effect of treatment could affect the inflammatory profiles seen. Serum and bronchoalveolar lavage cytokine expression with radiological characterisation of COPD have previously shown that mediator association is independent of lung function [37] and Th2 cytokine expression is higher in subjects with radiological emphysema [38, 39] . Thus, it is interesting to note that similar mediator expression was seen within inflammatory groups in different disease expressions.
Although we were unable to do so in this study, inspection of mediators that are released, expressed on the cell surface or act as a surrogate measure of cell activity would provide further characterisation of eosinophilic and neutrophilic airway inflammatory patterns in COPD and asthma above that already shown using sputum mediator analysis in this study.
In conclusion, we have described and validated a novel sputum processing method which improves recovery and detection of several cytokines and chemokines, including that of previously difficult to measure Th2 cytokines. We have demonstrated that there are limited differences in the expression of sputum cytokines and chemokines between asthma and COPD, and there is greater differential expression between eosinophilic and non-eosinophilic sub-phenotypes, which may be independent of disease. Whether these airway mediator phenotypes con-fer a particular pathogenesis and clinical phenotype, and subsequent responses to treatment, needs to be further investigated in larger cohorts of subjects with airway disease.
